The fucosyltransferase 8 gene (FUT8) encodes an enzyme that transfers fucose to the innermost N-acetylglucosamine unit of N-glycan chains. Recent study showed that fut8-deficient mice develop pathological and physiological phenotypes resembling pulmonary emphysema (PE). The role of FUT8 in human PE is not known. A non-synonymous single-nucleotide polymorphism at the amino-acid position of 267 in FUT8 (rs35949016; C/A, C allele¼Thr, A allele¼Lys) was genotyped in a total of 1149 consecutive autopsies of elderly Japanese. A following study included 182 outpatients with chronic obstructive pulmonary disease, whose emphysematous changes were assessed quantitatively as the percentage of low attenuation area (%LAA) by high-resolution computed tomography. PE was detected in 163 of 1149 autopsy subjects (14.2%). Comparison of patient with vs without PE indicated that the FUT8 A allele was associated with PE (AA+AC vs CC; odds ratio¼1.74, 95% confidence intervals¼1.19-2.56, P¼0.005). In the clinical study, presence of the FUT8 A allele significantly correlated with %LAA after adjustment (AA+AC vs CC¼37.5±14.7 vs 32.7±13.9, P¼0.02). The FUT8 gene Thr267Lys polymorphism is associated with human PE, and the Lys allele is the risk. The core fucosylation might be involved in the molecular pathogenesis of human PE.
INTRODUCTION
Pulmonary emphysema (PE) is characterized by the destruction of lung parenchyma. The combination of PE and small airway disease is the major pathological feature of chronic obstructive pulmonary disease (COPD). PE is usually defined by pathological identification of permanent abnormal airspace enlargement distal to the terminal bronchioles. It is accompanied by destruction of the alveolar walls without obvious fibrosis. 1 Pathogenesis of PE involves chronic inflammation and oxidative stress due to cigarette smoking and imbalance between protease and anti-protease activity in the lung. 2 Recent literature suggests that many genetic factors may have a role in disease susceptibility, but a detailed mechanism is yet to be clarified. 3 Recent study showed that mice with fucosyltransferase 8 gene (fut8) disruption develop emphysematous destruction of the lung. 4 The fut8 gene encodes a1,6-fucosyltransferase, which catalyzes the transfer of a fucose residue to N-linked oligosaccharides on glycoproteins in the mammals. 5 The emphysematous change in the lung of fut8-null mice was accompanied by overexpression of matrix metalloproteinases and marked dysregulation of transforming growth factor (TGF)-b receptor signaling. 4 As mice fut8 and human FUT8 genes are the only genes responsible for core fucosyl transfer, and both are 96.5% identical at the amino-acid level, we hypothesized that the human FUT8 gene would be a biologically plausible candidate for PE susceptibility.
In this study we searched for non-synonymous single-nucleotide polymorphisms (SNPs), of which minor allele frequency is 410%, and selected the FUT8 Thr287Lys polymorphism. We studied the association between this SNP and PE prevalence, which was categorized on the basis of macroscopic scores in consecutive autopsy subjects, and then quantitatively assessed the emphysematous changes by computed tomography in clinical subjects.
MATERIALS AND METHODS

Study population
Details of the first population are described elsewhere. 6 Briefly, the initial study subjects were recruited from consecutive autopsies samples (n¼1536) performed at the Department of Pathology, Tokyo Metropolitan Geriatric Medical Center, Tokyo, Japan, between 1995 and 2004. Among them, the pathological data for emphysema were available in 1335 samples. We genotyped all of the samples but as there were degraded and deficient DNA samples; genotypes of 1228 samples were determined. Of these, the overlapping 1149 samples with relevant information of pathological findings of the lung were used in this study. The characteristics of the study population are available at the Internet-based database, 'The Japanese SNP database for geriatric research (JG-SNP)' . 7 For the second study, 182 outpatients who attended the Respiratory Care Clinic, Nippon Medical School between April 2007 and April 2009 for ambulatory treatment of cough, expectoration, and/or dyspnea, and diagnosed with COPD and emphysema were invited to participate. All of these patients were current or ex-smokers.
Pathological assessment of PE
For the autopsy study, both the excised lungs were inflated with a 10% formalin solution at a constant pressure of 25 cm H 2 O. The lungs were dissected in the sagittal plane to obtained 2-cm-thick slices. A pulmonary pathologist (KT) macroscopically assessed the type and severity of emphysematous changes in all lung slices. Emphysema was classified as centrilobular emphysema, panlobular emphysema or focal emphysema, and its severity was scored on a scale of 0-4 for each slice using a previously described method, 1,8 where 0¼no changes, 1¼minimal changes, 2¼mild changes, 3¼moderate changes and 4¼severe changes. In this study, emphysema was defined as centrilobular emphysema changes with a score of 42 and/or panlobular emphysema changes with a score of X1, as centrilobular emphysema changes are known to be mainly caused by smoking, and panlobular emphysema with centrilobular emphysema is considered an extension of severe centrilobular emphysema. 9 Patients whose emphysema scores for both the lungs differed by more than two points were excluded from the study, because in general, bilateral severity of emphysema is closely correlated in COPD, 9 and such wide differences might be due to additional unusual effects. The mean scores for slices from both the lungs were calculated and employed for association analysis. Pathological assessment and genotyping were performed at different institutions in a double-blind manner.
Pulmonary function parameters
In the clinical sample, post-bronchodilator forced expiratory volume in 1 sec (FEV1), carbon monoxide-diffusing capacity (diffusing capacity divided by alveolar volume (DLCO/VA)), vital capacity and forced vital capacity were measured according to the American Thoracic Society guidelines 10 using the equipment for lung function testing (CHESTAC; CHEST Co., Tokyo, Japan). We used the reference values of post-bronchodilator FEV1 and vital capacity specified by the Japanese Respiratory Society. A significant bronchodilator response was defined according to the Global Initiative for Obstructive Lung Disease criteria as a 12% and 200 ml improvement in FEV1 compared with baseline values. 11 Quantitative assessment of emphysema by high-resolution computed tomography of the chest
In the clinical study, helical CT scans were acquired using 1.25-mm collimation, a scan time (rotation time) of 0.8 s, 120 kV and 100B600 mA with a Light Speed Pro16 CT scanner (GE Co., Tokyo, Japan). Severity of emphysema was determined from high-resolution computed tomography (HRCT) scans obtained at full inspiration. The percentage of the low attenuation area (%LAA) was calculated to assess the extent of emphysema, using HRCT scans according to Nakano et al., 12 with a minor modification. Briefly, six slices were obtained from the bilateral lungs at the upper, middle and lower lobes. The upper slice was obtained at the aortic arch, a middle section was taken at the carina, and a lower section was taken B3 cm above the top of the diaphragm, and the mean value was used as a representative value of %LAA. Voxels within each field were categorized as emphysema based on their reconstructed image grey scale using Hounsfield units (HU). A density histogram obtained from the distribution of the number of voxels at each HU within the lung was plotted and values less than À940 HU were calculated. As it is reported that the threshold of the density mask is approximately À950 HU, À910 HU and À850 HU for severe, moderate and mild PE, respectively, 13 our threshold corresponds to the detection of moderate-to-severe emphysema.
SNP selection and Genotyping
Human FUT8 is a large gene that comprises 333 kb in size, and there are 2937 SNPs in the FUT8 gene region according to dbSNP data. 14 We sought for tag SNPs of FUT8 gene by Haploview and still there were 80 tag SNPs. Thus, we focused on non-synonymous SNPs. Among four non-synonymous SNPs in the FUT8 gene, we further selected rs35949016 as the minor allele frequency was 410%. Genomic DNA of the autopsy subjects was extracted from the renal cortex by the phenol-chloroform method and stored at À20 1C until use. For the clinical subjects, DNA was isolated from whole blood by using a QIAamp DNA Blood Mini Kit (Qiagen K.K., Tokyo, Japan). Genotype analysis was performed using 10 ng aliquots of DNA which were placed into 384-well PCR plates using an automated fluid dispenser (BioMek2000; Beckman Coulter Inc., Fullerton, CA, USA) and then dried in a dry chamber. Taqman Assay for rs35949016 was done in a total of 10 ml reaction mixture according to the vender's instruction (Applied Biosystems Inc., Foster City, CA, USA). Call for genotype was made by Lightcycler480 (Roche Diagnostics, Mannheim, Germany) and accompanying software.
Statistical analysis
A total 1149 autopsy subjects and 182 clinical subjects were included. Allelic and genotype test were used to detect genetic contributions. Multiple logistic regression analyses were performed to examine the emphysema-related differences in the patients' clinical backgrounds and to calculate the odds ratio (OR) and 95% confidence intervals (CIs) for data on autopsy subjects. The effect of the SNP genotype on %LAA was calculated using a linear regression model with dominant, recessive or additive models on the minor allele to analyze the data on clinical subjects. The estimates were adjusted for gender, smoking status, pack-years and age at the time of death, when appropriate. HardyWeinberg equilibrium was tested using the w 2 goodness-of-fit test. A P-value of o 0.05 was considered statistically significant. This study had a statistical power of 0.8 to detect an OR of 1.5 in carriers of at least on polymorphic allele, compared with carriers of homozygous wild-type alleles. Statistical analyses were performed with SPSS II for Windows (SPSS Japan Inc., Tokyo, Japan).
Ethical consideration
The ethical committees of Nippon Medical School, Tokyo Medical and Dental University, and Tokyo Metropolitan Geriatric Hospital approved the current study. Written informed consent was obtained from bereaved family for autopsy subjects, and directly from the clinical patients.
RESULTS
Association with emphysema in consecutive autopsy subjects Table 1 shows characteristics of the autopsy subjects. Mean age at the time of death was 80.2 years. Of the 1149 subjects with relevant pathological records of the lung, 163 subjects (14.2%) met the pathological diagnosis of PE, and 986 subjects (85.8%) had no detectable PE. PE was more common among men than women (21.0% vs 6.7%, Po0.0001). This is likely to be due the significant gender difference for the history of smoking (men vs women: 84.9% vs 15.1%, Po0.0001). Centrilobular emphysema changes with the mean score of both lungs 42 were defined as PE as usual practice (Figure 1) . A total of 157 subjects with genotyped data were defined as PE. In all, 14 subjects had panlobular emphysema changes and 8 of them were overlapped with centrilobular emphysema. Thus, a total of 163 subjects were categorized as PE.
We examined the association between the rs35949016 SNP and emphysema employing these subjects ( Table 2 ). The frequencies of the 
Association with emphysema in COPD subjects
To determine the effect of the FUT8 polymorphism in clinical subjects, we studied COPD patients with PE, which was evaluated by HRCT. The index of %LAA, which correlates with PE, was calculated. 15 Subjects with bronchodilator response were excluded because the asthma or asthmatic component affects the %LAA value. 16 Altogether, 182 subjects were investigated regarding the association between the genotype and %LAA as the extent of emphysema (Table 3 ). The minor A allele frequency was 14.8%, and the distribution of the genotype obeyed Hardy-Weinberg equilibrium (PX0.05). There was no difference in age, gender ratio, smoking status and pulmonary function between the AA+AC vs CC genotypes (Table 3) . However, there was a significant difference in %LAA (AA+AC vs CC¼37.5±14.7 vs 32.7±13.9, P¼0.04) and it remained significant when adjusting for age, gender and pack-years (P¼0.02). DiscussionWe found that a non-synonymous SNP, Thr267Lys, of the FUT8 gene is associated with human PE in two different settings: one in consecutive autopsy subjects in which PE was pathologically confirmed, and another in clinical COPD patients, all of whom underwent assessment of PE by HRCT. In both studies, the A allele carriers were associated with more severe PE compared with the CC genotype. To our knowledge, this is the first report to demonstrate that polymorphism of FUT8, an enzyme involved in glycosyl transfer, may be linked to the pathogenesis of human PE.
In the pathological examination, we found considerable number of mild emphysematous changes with the score of 1 and 2 (Figure 1 ). These mild changes were excluded from the current analysis, as our usual practice. If these were included, the association would be negative (data not shown). Thus, the association of the polymorphism appears to be found only in moderate-to-severe PE. The observation using clinical subjects also are in the same line, as %LAA detected by À940 HU in our analysis corresponds to moderate-to-severe emphysema. According to a criteria by Hoffman et al., 13 the threshold of the density mask is approximately À950 HU, À910 HU and À850 HU for severe, moderate and mild PE, respectively.
FUT8 encodes a1,6-fucosyltransferase, which catalyzes the addition of a fucose residue to N-linked oligosaccharides on glycoproteins by means of an a1,6-linkage to form core fucosylation. 5, 17 The FUT8 product is the sole enzyme that catalyzes this transfer in mammals. Core glycoprotein fucosylation is widely distributed in mammalian tissues and is seen in various proteins including TGFb receptor, 4 epidermal growth factor receptor, 18 alpha-1-antitrypsin 19 and integrins. 20 Recently, mice with a disrupted fut8 gene were developed. 4 They showed severe growth retardation and early death during postnatal development; surviving mice developed PE-like changes in the lung. Compared with wild type or hetero-knockout mice, these fut8-null mice displayed generalized air space enlargement and dilated alveolar ducts on histological assessment, and higher static lung compliance as measured by pressure-volume relationships. A marked overexpression of matrix metalloproteinase 12 and matrix metalloproteinase 13 and a downregulation of elastin, an extracellular matrix protein, were seen in the lungs of fut8-null mice. The correlation of phenotypes in fut8-null mice to human PE is not currently clear. Destruction of the lung in fut8-null mice might be due to impairment of developmental process of the lung, whereas that of human PE is clearly due to pathogenic processes in mature lung tissue that occurs later in life. Nevertheless, it is surprising that the same gene product underlies a similar phenotype and suggests that regulation of core fucosylation might be an important step in development of human PE.
An intriguing observation in fut8-null mice is that intraperitoneal administration of TGFb rescued the PE phenotype. This implies that decreased TGFb signaling, probably due to defect in the core fucosylation of the TGFb receptor, contributed to the pathological phenotypes. 4 TGFb is known to have a role in the pathogenesis of COPD at various levels. 21 Although increased TGFb signaling triggers the development of small airway disease, several lines of evidences indicate that decreased TGFb signaling leads to PE. 22, 23 Taken together, it is tempting to speculate that the FUT8 gene product with 267Lys is less active than that with 267Thr, and thus impairs the TGFb pathway and leads to PE rather than small airway disease. This is in agreement with our observation that the Thr267Lys polymorphism was associated with PE but not other parameters of small airway disease in COPD (Table 3) . Although functional consequence of the amino-acid change of threonine to lysine at position 267 of FUT8 is not currently clear, Thr267Lys resides in the proline-rich region (261 amino acids to 340 amino acids), which is conserved among glycosyltransferases. 24, 25 Thus, it is speculated that this substitution may have some effect on enzymatic function. Biochemical analysis of enzyme variants with 267Thr and 267Lys is warranted to clarify the activity and role of FUT8 in the pathogenesis of PE.
Limitations in the current study include that PE samples in the autopsy study are all those of old aged, and thus the study population may have been skewed towards individuals with mild disease because of survival bias. Also, we could not obtain clinical information on pulmonary function tests for these subjects.
In conclusion, we demonstrated that the Thr267Lys polymorphism in the FUT8 gene is associated with moderate-to-severe PE. The A allele, which encodes 267Lys, appears to be the risk allele for emphysema. Further clarification of the function of FUT8 may shed light on novel pathogenic pathways in human PE.
